Abstract-This paper presents an improved method to estimate rotor motion states for an interior permanent magnet machine drive. This approach is based on the estimation of the saliency-based EMF in a stationary reference frame using a state filter. The spatial information obtained from the estimated saliency-based EMF is used in an observer to estimate the motor motion states. By adding the commanded torque as a feedforward input to the observer, the motion state estimation has zero phase-lag, providing a very high bandwidth estimate.
I. INTRODUCTION Within the last decade, significant improvements have been made in the area of sensorless control of permanent magnet synchronous machines (PMSM).
The primary methods for sensorless position estimation can be divided into two main categories: approaches using back-emf estimation with fundamental excitation [1] [2] [3] [4] [5] and saliency tracking methods using excitation in addition to the fundamental [5] [6] [7] [8] [9] [10] . The saliency tracking methods are suitable for zero-speed operation, whereas the back-emf based methods fail at low speed.
Application of back-emf based methods to symmetric PMSMs is straightforward. However, when applying the methods to salient machines, such as the interior permanent magnet machine (IPM), necessary approximations lead to estimation error and decreased performance. To solve this problem, a model was developed using a "saliency-based EMF" term in the stationary reference frame [2] . Application of the saliency-based EMF model was further improved by transformation to the rotor reference frame [3] . In [3] , a state filter is used to estimate the saliency-based EMF and an arctan function is used to estimate position of the rotor. Then, the rotor speed and position are estimated using a state filter with inherently lagging properties. Observer-based position and velocity estimation is implemented using feedfoward torque command [14] . Torque accuracy is required to improve motion state estimation for dynamic trajectories.
For IPM machines, inherent saliency, i.e. the difference between d-axis and q-axis inductance, beneficially changes both the airgap torque production and the field weakening characteristics [11] .
To take full advantage of these properties, the controller would ideally have accurate machine parameters. Maximum torque-per-amp control has been introduced to improve torque production in the constant torque region. The maximum torque-per-ampere trajectory was calculated using fixed parameters. With this trajectory, the torque command is converted to i ds and i qs commands for a synchronous frame current regulator [11] [12] . A simple model based on measuring L q , which depends on q-axis current, was developed to improve not only torque production but also torque accuracy [13] . Torque accuracy is achieved by a maximum torque-per-ampere trajectory including saturation [15] .
This paper improves the saliency-based EMF-based methods by using an observer to estimate the motion states. By using the commanded torque from maximum torque-perampere including saturation as feedforward into the observer, the lagging properties of the state filter can be eliminated. The result is zero-phase-lag estimation of the motion states.
II. IPM MACHINE MODELING IN ROTOR REFERENCE FRAME
The model of the IPM machine in the rotor reference frame is outlined for the development of the position and velocity estimation method. The machine model is represented by (1) .
where P: number of pole
i r ds : stator d-axis current in rotor frame i r qs : stator q-axis current in rotor frame
In application of standard back-emf-based methods to IPM machines, undesirable terms due to the saliency result from the transformation of the IPM machine model into an estimated rotor frame.
In some methods of position estimation, the terms are ignored resulting in performance degradation. In order to solve this problem, the IPM model can be rewritten to explicitly isolate the saliency-based EMF [2] in the rotor reference frame (2) . This saliency-based EMF is given by (3) . 
where,
Equations (2) and (3) can be transformed into a stationary frame, given by (4). (4) where,
Equation (5) can be represented by vector form (6) .
This saliency-based EMF (6) has spatial information that can be used for position estimation. It should be noted that, for transient operation, this signal exists even at zero speed.
III. ZERO-LAG POSITION ESTIMATION
There are several methods used to estimate the position of a saliency. These include direct calculation using the arctangent of the two input signals [3, 10] and using a tracking observer [7] [8] [9] . The presence of noise on the measured signals results in noisy position estimates when using direct calculation methods such as the arctan. To reduce the noise problem, filters have been applied to either the estimated position or the input signals, adding lag to the estimate. By using an observer, noise on the position signals can be filtered without adding lag to the estimate.
To demonstrate the differences between the various topologies, a discrete-time simulation was set up. Fig. 1 is a block diagram of the set up. Three position estimation methods are considered: tracking observer-based, tracking state filter-based, and arctan calculation-based. The tracking state filter (or phase-locked loop) topology is similar to the observer except that it does not have the feedforward reference, T em and thus has inherently lagging estimation properties.
The eigenvalues of the tracking observer depend on the gains of the observer controller. If the back-emf velocity dependency is not decoupled, then the observer eigenvalues will also be dependent on the magnitude of the input signal. The arctan direct calculation has no intrinsic lag, but is directly sensitive to the signal-to-noise ratio. One advantage of the tracking observer is that it can track a signal with a much smaller signal-to-noise ratio. Another advantage to the tracking observer is that it can be built in any reference frame and can be used to track multiple saliencies [9] . The arctan direct calculation can only be used unambiguously on a single saliency.
In the test set up of Fig. 1 , a commanded position trajectory is used to calculate a rotating unit vector. A random noise of 10% of the vector magnitude is added to the unit vector and this result is used to test the dynamic tracking of the three position estimation methods.
The position estimation of the arctan direct calculation has no lag, but suffers from a large position estimate error due to the noise as shown in Fig. 2 . The effect of the noise can be mitigated using a state filter, but the estimate then has lagging properties as also shown in Fig. 3 . Similar results occur when applying a low-pass filter to the direct calculation method. By using an observer topology with the appropriate feedforward command, zero lag properties can be achieved, as shown in Fig. 4 . 
IV. ESTIMATION METHOD

A. State Filter for Estimation of Saliency-based EMF in the Stationary Reference Frame
The saliency-based EMF can be estimated using state filter as shown in Fig. 5 . State filter consists of two parts: the IPM model without saliency-based EMF terms (6) and a PI compensator. Since the saliency-based EMF is un-modeled, it is inherently estimated by the PI compensator. However this estimation bandwidth is limited by the state filter bandwidth and inherently has lagging properties. 
B. Saliency Tracking Observer for Estimation of Position and Velocity with Zero Lag
The estimated position is then (8) , given the estimated saliency-based EMF terms from state filter in Fig. 1 . 
If the arctan function method is used, then the electrical rotor position is directly estimated by using (9)
Either a tracking observer or a state filter (based on phaselocked loop methods) can be used to estimate the motion states from the estimated saliency-based EMF without using the arctan function. From the estimated saliency-based EMF, the phase error can be used by either the observer or state filter to estimate the motion states. The phase error detector for the observer or the state filter can be a vector crossproduct between the estimated saliency-based EMF and a single saliency model as shown in Fig. 7 . Position estimation error can be obtained by using spatial phase relationship between estimated saliency-based EMF and saliency model with unit vector. The vector crossproduct results in an error term that only has a single phase error component (10) .
The physical system model is a 2 rd order system with one parameter, the estimated inertia. The observer uses the commanded torque as feedforward to achieve zero-phase-lag estimation of the motion states. The error between torque command and actual torque depends on current regulator bandwidth and estimated parameter accuracy in the calculation of maximum torque-per ampere trajectory which is converted to d-axis and q-axis current. Since parameters (L d , and L q ) change with operating conditions due to magnetic saturation, continuously estimated parameters (L d , L q ) should be used for the calculation [15] . Therefore, the trajectory of Fig. 8 , calculated by using fixed nominal values, is not the actual maximum torque-per-ampere trajectory for the IPM machine. The actual maximum torque-per-ampere trajectory including magnetic saturation should be calculated by using measured parameters as they vary with operating conditions. If off-line parameter estimation method is used to obtain parameters for a range of operating conditions, this trajectory can be calculated.
However, this is computationally intensive because of the non-linearity of the saturation. Such calculations are usually unreasonable in real time unless simple on-line methods are employed [15] . With a high bandwidth current regulator, estimated electromagnetic torque command for the observer can be expressed as follows:
The velocity and position estimation transfer functions (12) or (13) using (11) and assuming,
The error between commanded torque and actual torque is a function of parameter (L d , L q and λ pm ) errors for calculation of maximum torque-per-ampere trajectory. While the torque error results in velocity estimation error, it can be mitigated using a maximum torque-per-amp trajectory that includes magnetic saturation. Fig. 9 is a plot of the theoretical estimation accuracy frequency response for the saliency tracking observer. The closed-loop eigenvalues are set at 500, 100 and 20 Hz. The observer (and previous state filter) must have adequate bandwidth in order to maintain adequate dynamic stiffness (disturbance rejection) in the motion controller.
The observer is very insensitive to mechanical parameter and torque error within the bandwidth of the observer. The mechanical parameter and torque error will result in velocity estimation error at frequencies above the observer bandwidth. The current commands are based on a maximum torque-peramp trajectory, which includes saturation [15] . 
VI. EXPERIMENTAL RESULTS
The saliency-based EMF, position estimation method was tested on a DSP controlled IPM motor coupled to a load motor, Fig. 11 . The switching and sampling rate of the hardware system is 8 kHz. Nominal parameters for the test motor are provided in Table I . Fig. 12 is a plot of the estimated and measured electrical rotor position with a step rated load while the motor is running at constant speed (2700 rpm). Position estimation is robust under step rated load with rich harmonic content because the back-EMF is dominant in saliency-based EMF. Fig. 14 is a plot of the estimated position error versus rotor speed at rated, no load with constant speed and at half rated load with varying speed (at operating speed ± 300 rpm). Actually, the bandwidth of state filter for saliency-based EMF is limited by quantization noise and inverter nonlinearity. As shown in Fig. 14 , the state filter with low bandwidth results in phase lag for position estimation at high rotor speed. Position error increases due to dead time of inverter causes at constant rated load with low speed. The feedforward torque command in the observer can improve position estimation at varying speed with half rated load. 
VII. CONCLUSIONS
This paper presented an improved method of estimating the rotor position using a saliency-based EMF. A state filter was used to estimate the saliency-based EMF. In cascade, a tracking observer is used to estimate the position based on the saliency-based EMF estimate. While the tracking observer topology does not introduce phase lag to the estimate, the state filter does. This is a limitation of the proposed method. The following points summarize the work presented.
• An IPMSM model in the stationary frame using saliencybased EMF is used for position estimation.
• A state filter is developed for saliency-based EMF estimation and Luenberger-style observer for position estimation.
• Direct arctan calculation-based methods for postion estimation are sensitive to signal noise. Filtering reduces the problem due to the input signal noise, but adds phase lag to the estimate. By properly forming an observer, a filtered position estimate with zero-phase lag is realized.
• Nearly zero phase lag estimation for rotor position and velocity can be achieved using a cascaded observer with a feedforward torque command. This allows substantially improved dynamic response of the IPMSM motion controller.
• Maximum torque-per-amp trajectory including iron saturation was used to improve the torque control accuracy. This makes the error between torque command and actual airgap torque quite small, minimizing errors in the motion state observer.
